globulin E recognizing the parasite's tegument (Teg) correlate with human resistance to subsequent reinfection after treatment. We measured changes in whole-blood cytokine production in response to soluble egg antigen (SEA), soluble worm antigen (SWA), or Teg after treatment with praziquantel (PZQ) in a cohort of 187 individuals living near Lake Albert, Uganda. Levels of SWA-induced IL-4, IL-5, IL-10, and IL-13 increased after treatment with PZQ, and the greatest relative increases were seen in the responses to Teg. Mean levels of Teg-specific IL-5 and IL-10 increased ∼10-15-fold, and mean levels of IL-13 increased ∼5-fold. Correlations between the changes in cytokines suggested that their production was positively coregulated by tegumentally derived antigens. Levels of SEA-, SWA-, and Teg-induced interferon-g were not significantly changed by treatment, and, with the exception of IL-10, which increased slightly, responses to SEA also remained largely unchanged. The changes in cytokines were not strongly influenced by age or intensity of infection and were not accompanied by corresponding increases in the numbers of circulating eosinophils or lymphocytes.
gesting that resistance to infection develops with age, manifesting around the age of puberty [2] . Reinfection studies, in which the acquisition of new infections is monitored after treatment, have shown that adults become reinfected far less often than children, even in fishing communities where adults have the greatest exposure to the parasite [3] . The measurement of parasitespecific immune responses near the time of treatment has identified correlates of low intensities of reinfection. These include eosinophilia (Schistosoma haematobium [4] ), parasite-specific IgE (S. haematobium [5] , Schistosoma mansoni [6, 7] , and Schistosoma japonicum [8] ), and the production of interleukin (IL)-4 and IL-5 by peripheral blood mononuclear cells stimulated in vitro with parasite antigens (Ags) (S. haematobium [9] and S. mansoni [10] ). Such reinfection studies have led to the consensus that schistosome-specific T helper 2 (Th2) responses are associated with, and perhaps directly involved in, human age-dependent immunity to reinfection after treatment.
In areas of Kenya where transmission of S. mansoni is seasonal, immunological correlates of resistance to reinfection were strongest when parasite-specific immune responses were measured after treatment with praziquantel (PZQ) but before exposure to reinfection had occurred [7] . In that Kenyan study, posttreatment levels of adult worm-specific IgE correlated negatively with the intensity of reinfection [7] , providing evidence for the hypothesis that drug-dependent killing of worms in situ might boost protective immunity against reinfection by immunizing with Ags released from dying worms [11, 12] . Adult S. mansoni worms in infected Kenyan populations have been estimated to have a mean life span of 6-10 years [13] ; thus, in such areas of endemicity, exposure to Ags from naturally dying worms might be expected to be age dependent in untreated infected populations. It follows that the slow development of age-dependent immunity in such areas where schistosomiasis is endemic might arise as the result of the cumulative exposure to host-protective Ags derived from naturally dying worms.
The tissues of schistosome-infected individuals are simultaneously and chronically exposed to 2 distinct developmental stages of the parasite: the egg and the adult worm. Hundreds of eggs are released into the bloodstream of the host daily by each female worm. In studies in Kenya, posttreatment levels of soluble worm Ag (SWA)-specific IgE, but not soluble egg Ag (SEA)-specific IgE, were found to be associated with resistance to subsequent reinfection [7] . The interface between the adult worm and its environment occurs at its outer tegument (Teg), a highly specialized organelle with a syncytial structure that forms a highly responsive outer layer over the entire surface of the worm. The Teg can be isolated from live intact worms, and high posttreatment IgE responses against this worm substructure are also predictive of low levels of reinfection [7] . Western blots of parasite extracts, by use of serum samples obtained from chronically infected Kenyans, identified an ∼22-kDa Ag located in the Teg of S. mansoni as the predominant target of S. mansonispecific IgE responses in humans [7] . This tegumental Ag has been identified as a homologue of cytoplasmic dynein light chain [14] , and IgEs recognizing either the purified native Ag (Sm22) [15] or a bacterially expressed recombinant form (rSm22.6) [16] were significantly correlated with resistance to reinfection after treatment. In addition, immunization with preparations of the Teg has been shown to induce some protection against experimental S. mansoni infections in mice [17, 18] .
It is known that PZQ rapidly and specifically disrupts the schistosome Teg, exposing hitherto sequestered parasite Ags to the host immune system [19, 20] . In fact, the killing of schistosomes by PZQ in vivo depends, at least in part, on the integrity of the host immune system, and efficacy of PZQ may depend on host immune responses against newly exposed tegumental Ags [21, 22] . The Teg is crucial to the survival of schistosomes in the bloodstream, but, despite important interactions between the Teg, the host immune system, and PZQ in vivo, human cellular responses with specificity for this structure have not been previously described. We therefore examined the effects of treatment with PZQ on the cytokine responses to the Teg of S. mansoni in a cohort of 187 Ugandans living in a fishing community who were exposed to high levels of parasite transmission. We assessed changes in the levels of IL-4, IL-5, IL-10, IL-13, and interferon (IFN)-g in whole-blood cultures in response to stimulation in vitro with S. mansoni Teg before and 7 weeks after treatment and compared them with changes in responses to either homogenized SEA or SWA. We observed significant increases in several Th2 cytokines in response to Teg and SWA in this area where S. mansoni is endemic.
SUBJECTS, MATERIALS, AND METHODS

Study population.
A study cohort was selected from the fishing village of Booma (in the parish of Butiaba), which is adjacent to Lake Albert, Masindi district, in northwestern Uganda. One hundred eighty-seven individuals (in equal numbers from all age groups and of both sexes) were selected on the following criteria: (1) they lived close to the lake shore, (2) they were 7-50 years old, (3) they had resided in the village for at least 10 years or since birth, and (4) they agreed to participate and to donate blood samples before and 7 weeks after treatment. Informed consent was obtained from all participants in this study, in accordance with the national guidelines of the Ugandan Ministry of Health, whose ethical review committees approved all the protocols used. Before treatment, 3 stool samples were obtained on consecutive days from each member of the study cohort. For each stool sample, 2 Kato slides (50 mg) were prepared and examined, and S. mansoni eggs were counted. The intensity of S. mansoni infection for the cohort members varied from 0 to 8100 eggs/gram of feces, with an estimated prevalence of infection of 94%. After donating a blood sample, each cohort member was treated immediately with PZQ (40 mg/kg of body weight) and was treated again 2 weeks later; an additional blood sample was obtained 7 weeks after the first treatment. At the parasitological examinations 7 weeks after treatment, 20% of the cohort members were excreting at least 1 egg. Overall, the burden of infection was reduced by 99.7%.
Whole-blood cultures. Venous blood was collected into heparin, at a concentration of 10 U/mL (Sigma), and was diluted immediately 1:4 in RPMI 1640 medium (Sigma) supplemented with penicillin (50 U/mL), streptomycin (50 mg/mL), and l-glutamine (2 mmol/L) (Sigma). Whole-blood cultures were set up as described elsewhere [23] , and parasite-derived Ags were added to the appropriate wells, to a final concentration of 10 mg/mL. Cultures were stimulated with SEA, SWA, or Teg or were left unstimulated. Levels of IL-4 were measured in supernatants from 48-h cultures, and levels of IL-5, IL-10, IL-13, and IFN-g were measured in supernatants from 120-h cultures. The supernatants were immediately frozen at Ϫ20ЊC and were transported frozen to the United Kingdom. Subsequently, the culture supernatants were thawed and treated with inactive enveloped viruses, by incubation for 2 h in the presence of 0.3% tri-butyl phosphate (Sigma) and 1% Tween 80 (Sigma). Subsequently, the supernatants were either assayed for cytokines immediately or were stored at Ϫ70ЊC. None of the cytokine assays was affected by the viral inactivation procedure (data not shown). No supernatant sample went through 12 cycles of freezing and thawing before being assayed for cytokine content. Samples were diluted as required to ensure that the assay values were within the linear part of the standard curve for that assay.
Parasite Ags. The PBS-soluble fractions of S. mansoni SWA and SEA homogenates were prepared according to established protocols [16] . The schistosome outer Teg was stripped from freshly isolated worms by incubation in PBS for 1 h at room temperature and then was collected from the supernatant [23] . In the whole-blood cultures, all Ags were used at a final concentration of 10 mg/mL. Before use, the Ags were titrated in vitro by use of murine splenocytes from infected mice. Endotoxin content was measured by use of a limulus amebocyte lysate kit (QCL-1000; BioWhittaker). The levels of endotoxin in the native Ag used in these studies were 1.44 ng of endotoxin/ mg of SEA, 1.23 ng of endotoxin/mg of SWA, and 1.09 ng of endotoxin/mg of Teg. This level of lipopolysaccharide did not induce detectable levels of any of the tested cytokines when added to our whole-blood cultures (data not shown).
Cytokine assays. Cytokines were measured using capture ELISAs and commercially available anticytokine antibodies (Abs) and standards from BD Biosciences, as described elsewhere [23] . All Abs were purchased from BD Biosciences and were titrated for optimal concentration before use. For the cytokine assays, the following Ab pairs were coated on microtiter plates to capture target cytokines or were used to detect captured cytokines (IL-4, coating 8D4-8 and detection MP4-25D2; IL-5, coating TRFK5 and detection JRS1-5A10; IL-10, coating JES3-9D7 and detection JES3-12G8; IL-13, coating JES10-5A2 and detection B69-2; and IFN-g, coating NIB42 and detection 45B3).
Statistical analyses. All the analyses and graphs were performed in R, an open-source language and environment for statistical computing and graphics (available at: http://www .r-project.org). Paired t tests were used to assess whether responses had changed significantly between the 2 blood samples and were performed using nontransformed data. Correlations between variables were determined by calculating Spearman's rank correlation coefficient for each pair of immune responses, again using nontransformed data. The approximate percentage increase in responses after treatment with PZQ for all study subjects was determined using the following calculation: 100 ϫ (exp{mean[ln(B + 1)Ϫln(A + 1)]}Ϫ1). Effects of sex, age, and intensity of infection on changes in cytokine responses were examined by analysis of variance on log-transformed cytokine responses, log(+0.1). The adequacy of the models was checked using variance ratios, which under the null hypothesis, follow an F distribution using appropriate df. The model fit was also checked by examining appropriate plots, and results were confirmed by Spearman's rank correlation coefficients on the raw data.
RESULTS
Effects of treatment with PZQ on production of cytokines. Figure 1 shows the mean level of production of cytokines by diluted whole blood stimulated with SEA, SWA, or Teg or unstimulated, before and then again 7 weeks after treatment with PZQ. Treatment with PZQ had no significant effect on the mean levels of IL-4, IL-5, IL-10, IL-13, or IFN-g produced in culture in the absence of Ag stimulation ( figure 1A-1E ). The mean levels of IL-4, IL-5, and IL-13 in response to SWA and Teg increased significantly after treatment, whereas the mean levels of these cytokines in response to SEA did not change significantly (figure 1A, 1B, and 1D). By contrast, the mean levels of IL-10 seen in response to all S. mansoni-derived Ags (SEA, SWA, and Teg) increased significantly during the 7 weeks after treatment ( figure 1C ). The mean levels of production of IFNg in response to SEA, SWA, and Teg were not significantly altered by treatment ( figure 1E ). The highest posttreatment levels of IL-5, IL-10, and IL-13 were seen in response to SWA, and the levels were significantly higher than the mean levels measured in response to Teg ( figure 1B, 1C, and 1D ). There was no significant difference in the mean posttreatment levels of IL-4 detected in whole-blood cultures in response to SWA and Teg (figure 1A), and these levels were higher than the corresponding responses to SEA.
Relative changes in cytokine response to SWA and Teg. Of the responses that changed significantly after treatment, the mean response to Teg increased more (as a proportion of pretreatment levels) than did the response to SWA, with mean levels of IL-5 and IL-10 increasing ∼10-15-fold and mean levels of IL-13 increasing ∼5-fold in response to Teg, whereas mean levels of the same cytokines in response to SWA increased only ∼2-4.5-fold after treatment. The production of IL-4 did not show the same pattern, with similar relative increases seen (∼2-4-fold) in response to both SWA and Teg (table 1) .
Correlations between the changes in specific cytokine responses. The strongest correlations were between changes in SWA-and Teg-specific responses for each cytokine, and all such correlation coefficients were 10.675 and statistically significant (table 2) . Changes in all SWA-specific responses were positively correlated with each other, as were all changes in Tegspecific responses (table 2) . With the exception of Teg-specific IL-5 and IL-13, pairs of SWA-specific responses were always more strongly correlated than were the same responses to Teg , for comparison of cytokine production before P ! .001 and after treatment for each individual (paired t test of the raw data).
(table 2). Changes in the levels of SEA-specific IL-10 were most strongly correlated with the changes in SWA-and Teg-specific IL-10. They were also weakly correlated with changes in SWAspecific IL-13, IL-5, and IL-4, but not with any Teg-specific cytokines other than IL-10. There were no responses that were negatively correlated.
Influence of age on the changes in cytokine production. There was a very weak negative correlation between subject age and the change in production of IFN- P p .018 n p 187 positively correlated with pretreatment intensity of infection. Intensity of infection was not significantly correlated with changes in the production of any other cytokines.
Changes in cell populations after treatment. The mean number of total white blood cells decreased significantly after treatment, from cells/mL to cells/mL (P 6 6 6.72 ϫ 10 5.46 ϫ 10
, as did the mean number of circulating eon p 165 sinophils, which decreased from cells/mL to 0.44 ϫ - 
DISCUSSION
The present study has described the effects of treatment with PZQ on the production of cytokines in response to SEA, SWA, and, for the first time, the Teg, in a cross-sectional cohort from an area where S. mansoni is endemic. Both the quantities and types of cytokines produced after treatment were influenced by the developmental stage of the parasite from which the Ags were derived. Before treatment, Th2 cytokines, including IL-4, IL-5, IL-10, and IL-13, were produced primarily in response to SWA and Teg, albeit at lower levels in response to the latter, whereas IL-10 was the only cytokine produced in comparable amounts in response to SEA. The effects of treatment were also polarized and Ag specific, with significant increases seen largely in Th2 cytokines in response to worm-derived Ags, with only small (and nonsignificant) increases seen in responses to SEA. After treatment, the greatest increases in IL-4, IL-5, IL-10, and IL-13 were seen in response to worm-derived Ags and, in particular, to Teg.
In contrast to what has been described for schistosome-specific Ab responses, particularly those that have been associated with resistance to reinfection, such as SWA-or Teg-specific IgE [24] , age exerted little effect on the posttreatment levels of parasitespecific cytokines. Little association was seen between any cytokine response or change in such response and the pretreatment intensity of infection. Of all responses measured, only the changes in the mean SEA-or Teg-specific IL-10 were significantly positively associated with intensity of infection (albeit weakly).
Our data suggest that treatment with PZQ results in the release of Ags from adult worms in vivo and that the differential effects of treatment on the responses to Teg and SWA perhaps reflect the fact that, before treatment, tegumental Ags are sequestered from the host immune system. According to this argument, Teg-specific responses might be specifically boosted when parasite Ags are synchronously released into the host circulation after treatment with drugs. It has been suggested elsewhere that infection with schistosomes causes the downregulation of certain cellular immune responses [25] [26] and that the increases in production of cytokines seen after treatment occur as a result of the removal of this immunosuppression. This down-regulation has been ascribed to IL-10, possibly via its direct action on Ag-presenting cells [27, 28] . IL-10 has been shown to play a role in the down-regulation of potentially harmful Th1 parasite-specific cytokines, such as IFNg and tumor necrosis factor-a, by cells from individuals chronically infected with S. haematobium [29, 30] , and has been shown to be elicited by the onset of egg laying during murine infections [31] , suggesting that egg-derived Ags might stimulate its production. The striking specificity of the increases in worm Ag-induced IL-4, IL-5, and IL-13 that we have described argues against the notion that such increases are the result of the removal of general immunosuppression. In the present study, the mean levels of SEA-and SWA-specific IL-10 increased significantly after treatment, suggesting that the specific increases in worm Ag-induced IL-4, IL-5, and IL-13 seen after treatment were not dependent on the removal of IL-10-mediated immunosuppression. Although IL-10 may be important in controlling responses, there does not appear to be a simple negative relationship between the levels of IL-10 and any of the other responses we measured.
The greater increases in responses to worm Ags, compared with egg Ags, seen after treatment may reflect variations in the exposure of the host to these Ags during the course of a chronic infection. Adult worms live for many years in the bloodstream and continuously produce large numbers of relatively shortlived eggs each day, many of which become trapped and die in host tissues. Thus, the human host is continuously exposed to the complete repertoire of egg-derived Ags, whereas wormderived Ags are less likely to present a constant and chronic stimulus to the immune system, especially since adult worms exploit many strategies of immune evasion to preserve the immunological invisibility of crucial functional molecules [32] . As a result, even though eggs and worms are targets for PZQ, many worm Ags are only likely to be exposed to the host when worms die [33] [34] [35] . Posttreatment increases in cytokine production could not be explained simply by increases in the numbers of circulating lymphocytes or eosinophils, although it remains possible that particular subsets of cells proliferated in vivo after treatment.
Immune responses to schistosomes in chronically infected individuals are typically polarized toward Th2 cytokines and are characterized by eosinophilia, high levels of parasite-specific IgE, and the predominance of Th2 cytokines, such as IL-4 and IL-5, in vitro [2] . Previous studies have not specifically addressed the question of the differential effects of treatment on cytokine responses to SEA and SWA [10, 36, 37] , although some have shown increases in certain Th2 cytokines in vitro after treatment for S. haematobium [36, 37] . The significant increases we observed were polarized toward Th2 cytokines and were largely specific for worm and, more particularly, Teg Ags. Regulation of cytokine production by S. mansoni Ags was determined by examining the extent to which the changes in different pairs of responses were correlated. The strongest correlations were seen between the changes seen in SWA-and Tegspecific responses for each cytokine, and these correlations were stronger than those between any pairs of different SWA-or Teg-specific cytokines. This result suggests that Teg and SWA Ags might coregulate the production of Th2 cytokines from a common cellular source and that treatment with PZQ results in the release of worm-derived and, more particularly, tegumentally derived Ags that initiate this increased production. The changes in SWA-and Teg-specific IL-5, IL-13, IL-4, and (to a lesser extent) IL-10 were all positively correlated with each other, with the strongest correlations generally seen between the changes in pairs of SWA-specific cytokines. Such positive correlations again suggest that there is coregulation of these Th2 cytokines by S. mansoni worm Ags and argue against a negative regulatory role for IL-10. That there was no significant change in lymphocyte counts and that eosinophil counts decreased significantly after treatment suggest that either (1) the number of S. mansoni-specific cells had increased but was undetectable by the methods used or (2) the cellular production of SWA-and Teg-specific IL-5, IL-13, IL-4, and IL-10 and SEAspecific IL-10 had been up-regulated by treatment, which, considering the magnitude of the increases observed, we consider to be the most likely explanation.
Immune evasion, partially mediated via the maintenance of the integrity of the worm Teg, is vital to the long-term survival of the parasite in the bloodstream of the host [38] . Mice can be successfully immunized against schistosome infection with homogenized tegumental membranes from adult worms, and several of the targets of the protective humoral responses are located in the Teg [39] , with levels of specific Abs correlating with the degree of protective immunity [17, 18] . In Western blot analysis, serum of infected humans detects a much more restricted set of Ags in preparations of tegumental membranes, compared with those detected in homogenized whole worms. In spite of this, the predominant human IgE response seen during both S. mansoni [7] and S. japonicum [40] infections is directed against a 22.6-kDa Ag located in the outer Teg. Teg-specific IgE [7] and parasite-specific IL-4 and IL-5 [9, 10] have been associated with resistance to reinfection with schistosomes, suggest-ing that a Th2 immune response to parasite tegumental Ags may contribute either directly or indirectly to immunity in humans. We speculate that the responses that we have observed are driven by the synchronized release of hitherto sequestered tegumentally derived Ags into the circulation. The polarized responses that follow may play a role in the generation and/or maintenance of the equally polarized Ab responses that have been shown to correlate with immunity to infection and reinfection in human populations. It is also interesting to note that the severe hepatosplenic form of human schistosomiasis, which is seen in a minority of infected individuals, has been attributed in experimental murine studies to parasite egg-specific IL-4 and IL-13 responses that give rise to granulomatous and fibrotic liver lesions [41] . If this notion is correct, the subdued responses to SEA and vigorous anti-SWA responses observed in the present study may be the combination of antiparasite responses that allow infected human populations in areas of endemicity to maintain protective responses to the threat of additional infection, while minimizing the risk of egg-induced, chronic, severe immunopathology.
